Large-area growth of continuous transition metal dichalcogenides (TMDCs) layers is a prerequisite to transfer their exceptional electronic and optical properties into practical devices. 
I. INTRODUCTION
Recently, there has been tremendous interest in layered transition metal dichalcogenides (TMDCs). It started with the discovery that the canonical TMDC MoS 2 becomes a direct bandgap semiconductor when isolated in monolayer (ML) form [1, 2] . Many of the TMDCs have since been shown to exhibit a strong excitonic feature, showing strong and spectrally narrow photoluminescence and absorption making them very good candidates for novel optoelectronic devices [3, 4] . The combination of a bandgap (1-2 eV) and an atomically thin conducting channel also makes TMDCs ideal materials for next generation field effect transitors in microelectronics [5] . Finally, in the monolayer form, due to the breaking of inversion symmetry and strong spin-orbit coupling, the carriers in TMDCs are with a valley index and this intrinsic degree of freedom of electrons can be exploited to develop novel spintronic and valleytronic devices [6] [7] [8] . Mechanical exfoliation [9] is one of the most popular methods to produce monolayer flakes, and though it is possible to produce very high quality flakes in this manner, the samples remain very small (<10 µm for TMDCs). So far, the highest quality flakes are produced by mechanical exfoliation and subsequent encapsulation in hBN [10, 11] . Typically, encapsulation leads to even smaller flake sizes and involves very long process. Monolayers can also be directly grown on various substrates, typically by chemical vapor deposition (CVD) or metal organic CVD (MOCVD) (see reviews [12] [13] [14] [15] [16] ).
These techniques lead to much larger flakes, up to 100 µm single crystal in the best cases and continuous wafer-scale polycrystalline by MOCVD [17] . However, the geological TMDC crystals that are exfoliated, along with those produced by CVD and MOCVD, have been shown to have a high density of structural defects, high impurity levels, and a large degree of variability across the same sample surface. In this respect, molecular beam epitaxy (MBE) is a promising growth method for TMDCs, and heterostructures thereof, due to the potential of enhanced quality provided by a combination of high purity elemental sources and growth in an ultrahigh vacuum (UHV) system. Moreover, MBE offers more flexibility in the choice of the substrate and the transition metal [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . It also allows to stack different TMDCs and grow complex heterostructures with high crystalline quality [31] . The growth temperature by MBE being lower than that for CVD, it favors nucleation and leads to high layer coverage close to 100 % and a good control of the number of deposited layers. The MBE growth of TMDCs is usually performed in the van der Waals regime [32] . In this regime, the interaction between the substrate and the epilayer is weak enough that it releases the constraints of lattice matching [33] . In this Letter, we report the growth of mono and multilayers of MoSe 2 on SiO 2 (300 nm)/Si substrates on large areas (cm 2 ). We show that proper surface treatment and growth conditions allow for the growth of one monolayer of MoSe 2 with high coverage (>93 %) by co-depositing Mo and Se atoms. However, when approaching the 100 % coverage and when the second layer starts to grow, we observe the starting of vertical three-dimensional growth at some grain boundaries preventing the growth of a perfecly flat two-dimensional MoSe 2 film thicker than one monolayer. Fig. 1d , we can clearly see the atomic arrangements. In Raman spectrum is shown in Fig. 3a after subtraction of the substrate signal. We clearly see two main peaks corresponding to the A 1g at 239.8 cm −1 and E 2g at 287.4 cm −1 vibration modes of MoSe 2 . The A 1g peak corresponds to out-of-plane vibration mode and the E 2g to in-plane vibration mode.
The peaks are at the same positions as those of CVD-grown and exfoliated MoSe 2 monolayer [36] [37] [38] confirming the good quality of the MBE-grown MoSe 2 monolayer. This is supported by the A 1g peak width of the order of 2.5 cm −1 which is comparable to the one of exfoliated flakes (≈2 cm −1 ) [36] . We also performed Raman maps over 20×20 µm Concerning the peak FWHM, it varies from ≈40 meV at low temperature up to ≈80 meV at room temperature. At room temperature, Tonndorf et al. also found a single emission peak at the same energy position with a width of ≈60 meV close to our value. Surprisingly, the FWHM remains constant below 150 K while it should still decrease down to 4.6 K. This observation is in agreement with the presence of the negatively charged exciton X − (trion) emission at low temperature as shown in Ref. [39] . The presence of this additional peak leads to a broadening of the neutral exciton peak at low temperature by adding a shoulder at lower energy (see for instance the PL spectrum at 50 K in Fig. 3b ). We cannot resolve individually the X 0 and X − peaks due to their large width which is probably a consequence of short-scale fluctuations and oxidation (see photoemission measurements below) in the MoSe 2 layer. To fit the emission peak at 4.6 K with two individual peaks (for the negatively charged and neutral excitons), we need to consider a linewidth of ≈30 meV for each. For comparison, Wang et al. found a linewidth of ≈20 meV in bulk-exfoliated flakes which is comparable to our value [40] . At higher temperature, the negatively charged exciton peak disappears because electrons can escape their bound trion state due to thermal fluctuations.
The presence of the negative trion emission can be due to electrostatic doping by the SiO 2 substrate (charges being photocreated at the surface of SiO 2 ) or to intrinsic defects such as Se vacancies inducing n-type doping. We further investigated the electronic state of Mo and Se by XPS. Fig. 3c (resp. Fig. 3d ) presents the Mo 3d (resp. Se 3d) high-resolution spectra from 1.2 ML of MoSe 2 . Each spectral fitting reveals a certain number of doublets.
The relative weights of each doublet are given in Table I . [22] . Concerning the Mo 3d lines, we have to take into account the Se 3s peak at 230.1 eV to fit correctly the whole spectrum. As revealed by TEM measurements, the 1. sphere. In order to observe the out-of-plane growth, the total coverage needs to be close to 2 ML (we do not observe it for 1.2 ML) whereas it mainly takes place within the first MoSe 2 layer. Vishwanath et al. already observed this out-of-plane growth in the case of MoSe 2 multilayers grown on HOPG [22] . They call them protrusions and interpreted their formation as due to the interaction between two MoSe 2 domains growing on both sides of HOPG high steps. They ruled out the effect of a difference of thermal expansion (the growth being performed at high temperature) between MoSe 2 and the HOPG substrate. We can conclude the same in our case since the thermal expansion of SiO 2 (0.56×10
is negligible as compared to that of MoSe 2 (7.24×10 −6 • C −1 [45] ). Instead of out-of-plane growth, we should observe the formation of cracks in the MoSe 2 layer when the system is cooling down. Since MoSe 2 grains are randomly oriented in-plane, we rather believe that, for some specific relative orientations of the grains, the system cannot accomodate a stable grain boundary in which defects would cost too much energy. This effect may also be strengthened by the low mobility of Mo and Se atoms at the surface of SiO 2 as compared to the mobility on graphene [35] . At those grain junctions, the system is driven to vertical growth and this process is even accelerated because it is kinetically favorable [46] . By analysing high resolution TEM images (see Fig. 4d and 4e), we find that the relative grain orientations leading to vertical growth are mostly falling in the 25
• -35
• range. It indeed corresponds to the most unfavorable relative crystal orientation to form a grain boundary. However, we could find other orientations showing that this vertical growth may be the consequence of several mechanisms. In particular, the surface roughness of SiO 2 and the presence of residual molecules and defects may also favor out-of-plane and vertical growth [47] . We stress the fact that we always obtained the same results when varying the growth rate and temperature
showing that vertical growth is almost independent on the growth parameters. In order to grow two-dimensional MoSe 2 multilayers, we developed an original method based on the solid phase epitaxy concept described in the following.
III. GROWTH OF MOSE 2 BY VAN DER WAALS-SOLID PHASE EPITAXY
Solid-phase epitaxy (SPE) corresponds to a transition between the amorphous and crystalline phases of a material. It is usually done by first depositing a film of amorphous material on a crystalline substrate. The substrate is then heated to crystallize the film. The single crystal substrate serves here as a template for crystal growth [48] .
In our case, since the SiO 2 substrate is amorphous, we expect to obtain two-dimensional polycrystalline MoSe 2 multilayers. For this purpose, we first deposit a ≈10 nm-thick amorphous selenium film and 0.6 nm of Mo on top at room temperature in order to keep a high Se:Mo ratio of ≈15. 0.6 nm of Mo correspond to 2 ML of MoSe 2 when selenized. The RHEED pattern is initially diffuse. We then annealed this stack and rings start to appear in the RHEED pattern at 600
• C as shown in Fig. 5 . Above this temperature, the RHEED pattern does not evolve anymore up to 800
• C. We conclude that MoSe 2 grains are growing with random orientations, the growth is three-dimensional. In order to favor two-dimensional growth, we grow the same stack on 1 ML of MoSe 2 grown by co-deposition as described in the previous section. The evolution of the RHEED pattern upon annealing is shown in 8 The monolayer of MoSe 2 acts as a van der Waals template and favors the two-dimensional growth of the two topmost MoSe 2 layers grown by SPE. We thus call this growth method van der Waals SPE. The STEM images in Fig. 8a and 8b show that the total film thickness is actually 3 ML±1 ML. A height profile is shown in the inset of Fig. 8b . In Fig. 8c , the TEM image along with its Fourier transform show the polycrystalline character of the film with a grain size comparable to the one of the co-deposited MoSe 2 monolayer i.e. 10-50 nm. AFM images in Fig. 8d and 8e demonstrate the uniformity of the MoSe 2 over micrometers and are consistent with STEM images. The corresponding height profiles are shown in Fig. 8f Fig. 8b by STEM. Indeed, 2 ML represent 27 % of the total surface while 3 and 4 ML represent 73 %. By considering that the A 1g Raman peak intensity of 2 ML is 2-3 times larger than the ones of 3 and 4 ML [36] , we end with a peak shift of +1.8 cm −1 . This value (which is an upper bound since we did not take into account the 1 ML coverage corresponding to the template co-deposited layer) is in reasonable agreement with our experimental value. The A 1g peak width is of the order of 2.5 cm −1 which is larger than the one of 3 ML exfoliated flakes (≈1.5 cm −1 ) [36] . This enlargement is probably due to the thickness dispersion of our film. We also performed Raman maps over 20×20 As discussed in the previous section, the presence of oxidized defects in the layers adds secondary doublets in the Mo 3d and Se 3d spectra. Their relative contributions are given in Table I . Stoichiometric MoSe 2 in green is measured at 228.9 eV for Mo 3d 5/2 and 54.5
for Se 3d 5/2 in good agreement with the spectra presented in Fig. 3c and 3d respectively i.e. 232.9 eV and 59.0 eV respectively. The oxidized defects (MoSe x O y in orange, MoO x and SeO x in purple) are at the same energy positions as for the co-deposited MoSe 2 monolayer.
The total amount of oxidized defects is almost the same as the one in the co-deposited MoSe 2 monolayer. We find 3 % (resp. 3 %) for 3 ML (resp. 1 ML) for Mo 3d spectra and 10 % (resp. 13 %) for 3 ML (resp. 1 ML) for Se 3d spectra. However, we note a significant reduction of the oxide doublets for Mo (19 % instead of 25 %) and Se (6 % instead of 7 %).
This observation can be easily explained by the fact that buried MoSe 2 layers are protected against deep oxidation. However, the fact that the total amount of defects remain constant means that the density of point defects is probably higher by SPE. It could be due to the rapid evaporation of Se during the annealing process and to the resulting formation of Se vacancies.
In conclusion, this vdW-SPE growth technique allowed us to grow good quality MoSe 2 mutilayers. We could also grow PtSe 2 and SnSe 2 multilayers (as shown in Fig. 10 ) using the same technique.
IV. MN-DOPED MOSE 2 GROWN BY VDW-SPE
At last, as illustrated in Fig. 11a We then confirm the stoichiometry using RBS, the spectra are shown in Fig. 13a . Since the substrate contains only light atoms (Si and O), we can easily distinguish the Mn, Se and
Mo peaks in Fig. 13a . By taking into account the diffusion cross section of each atomic species and assuming that Mn atoms are substituting Mo atoms in the two topmost layers, we fit the three peaks as shown in Fig. 13a . We obtain the following atomic composition The Raman spectrum of the Mn-doped MoSe 2 film is displayed in Fig. 13b . The A 1g
(resp. E 2g ) peak position is 240.1 cm −1 (resp. 285.6 cm However, within our setup resolution, grazing incidence x-ray diffraction in Fig. 11b As shown in Fig. 13e , the sharp increase of this peak intensity (+6 %) is thus due to the presence of Mn-Se bonds and we can conclude that a fraction of Mn atoms substitute Mo atoms in the MoSe 2 layers. Since the formation of Mn-Se bonds represent 6 % of the total amount of Se atoms, we can roughly estimate that 3 % of Mo atoms are substituted by
Mn atoms. The rest of the Mn atoms might be in intercalation between MoSe 2 sheets or more probably at the edges of MoSe 2 grains. In Fig. 13f , we show the Mn 2p core level peaks. The very low intensity due to our experimental conditions makes any interpretation difficult. Nevertheless, we can identify easily the two spin-orbit components at 641.2 eV and 652.7 eV, but we cannot state that the spectrum corresponds to a unique doublet or to a sum of different bonding-states. However, this doublet presents a 2.5 eV shift to higher binding energies compared to metallic Mn, indicated by Mn 0 in the figure. The 2p 3/2 peak position at 641.2 eV may correspond to the Mn-Se bonding as expected (640.5-641.0 eV in Ref. [57] and 640.95 eV in Ref. [56] ), but it could also be a Mn-O signature which is very close in terms of binding energy [41] . XPS measurements were performed under ultrahigh vacuum with an X-ray microprobe (beam size 100 µm) photoelectron spectrometer (PHI 5000 VersaProbe-II) fitted with a monochromatic Al K α source (hν = 1486.7 eV). The samples were transferred in air prior to the measurements. The photoelectron take-off angle was 45
• and the overall energy resolution 0.6 eV for high-resolution core level spectra. The carbon 1s peak, commonly used for energy referencing, overlaps with a selenium Auger line and becomes difficult to identify when the sample is poorly covered by adventitious carbon [58] . Therefore, the energy scale was calibrated by shifting the silicon 2p peak, coming from the SiO 2 (300 nm)/Si substrate, to 103.7 eV [59] . The decomposition of the core-level line shape into individual bondingstate components was done with the CasaXPS software, using 30 %-Lorentzian/Gaussian sum line-shapes and Shirley background subtraction. The spin-orbit splitting was set to 3.1 eV for Mo 3d, 0.9 eV for Se 3d. The relative concentration of each element was calculated using the corrected relative sensitivity factor given by the instrument, considering the geometric and experimental specificities. For Mn 2p core levels, the spin-orbit splitting was set to 11.5 eV. We considered a Lorentzian asymmetric line shape according to Ref. [60] and a linear background due to a poor peak intensity caused by a low photoionization cross section [61] and a small amount of atoms combined with a strong inelastic background from the nearby Se Auger lines.
X-ray diffraction measurements were performed with a SmartLab Rigaku diffractometer Due to the presence of the co-deposited MoSe 2 monolayer underneath, the heights start at 2 ML. 
